INTRODUCTION
21 High-aspect-ratio one-dimensional nanostructures, e.g., nano-22 wires or nanotubes, fabricated via bottom-up self-assembly of 23 nanoscaled objects in solution represent sound and low-cost 24 alternatives to realizing novel, ultrasmall circuitry with rich 25 functionalities, following the so-called "More than Moore" 26 trend.
1−4 Nowadays, one-dimensional nanostructures have 27 gained considerable attention due to their unique properties, 28 such as thermal and mechanical stability or electron and 29 phonon transport. 5, 6 Significant efforts have been made to 30 explore bottom-up fabrication techniques and applications of 31 both semiconducting and metal nanowires. 7, 8 A particularly 32 promising method to produce metal nanowires relies on the 33 electrochemically assisted growth from a solution containing 34 metal compounds. 9 The undoubted advantage of this technique 35 is that the nanowires can be grown directly between 36 microfabricated electrodes of predefined design. If the metal-37 bearing objects in the solution are neutral clusters or molecules, 38 then the attraction of these objects to the nanowire tip is due to 39 dielectrophoresis (DEP), the movement of a neutral particle 40 within a spatially inhomogeneous electric field. 10 In the case of 41 charged species present in solution, the nanowire growth is 42 termed directed electrochemical nanowire assembly f1 43 (DENA), 11, 12 cf. the schematics in Figure 1 . Whereas most 44 DENA experiments rely on the application of a square-shaped 45 alternating (ac) voltage, DEP-grown wires are often obtained 46 with a voltage possessing a sine waveform.
13,14

47
A lot of effort has been dedicated to controlling the nanowire 48 growth process, allowing the fabrication of straight nanowires 49 with controlled morphology and diameter. 15, 16 For instance, 50 Kawasaki et al. 17 investigated the branching of growing Here, we address the control of the crystalline structure of 66 electrochemically assembled platinum nanowires, realized via 67 application of an ac voltage between gold electrodes in a 68 solution. We observe drastic changes in the morphology and 69 crystalline structure of the nanowires by varying the waveform 70 of the applied ac voltage. Starting with a sine function, we 71 increase the number of higher Fourier components in the 72 Fourier series of a square wave until an almost square-shaped 73 waveform is achieved. The resulting changes in the nanowires' 74 structure are investigated by scanning and transmission electron 75 microscopy (SEM and TEM, respectively). Remarkably, the 76 crystalline structure within the wires changes from random 77 polycrystalline to [111] oriented growth, corresponding to the 78 number of Fourier components. Finally, based on numerical 79 results, we propose a mechanism for explaining the observed 80 structural changes as a function of the applied waveform.
EXPERIMENTAL SECTION
81 According to the setup shown in Figure 1 , platinum nanowires were 82 grown from aqueous chloroplatinic acid (H 2 PtCl 6 ) solution via 83 applying an ac voltage between gold microelectrodes. The distance 84 between electrodes was 8 μm. The electrodes were fabricated on 85 various substrates, depending on the method of nanowire inves-86 tigation. For SEM observations, a piece of silicon wafer with a 300 nm 87 oxide layer was prepared as described previously, 22 except for the 88 exposure, which was made by laser lithography (Heidelberg Instru-89 ments DWL66 fs) with a 405 nm laser wavelength and a 4 mm write-90 head. For the TEM investigations, electron beam lithography was 91 performed on a 50 nm thin Si 3 Ni 4 membrane (Tedpella). A positive 92 resist (PMMA 495 K A4, Micro Chem) was spin-coated onto the 93 substrate at a speed of 3500 rpm to reach a thickness of 100 nm. The 94 samples were exposed using e-beam lithography (Raith 150TWO) and 95 developed with methylisobutylketon/isopropanol (ratio 1:3, Micro 96 Chem) and isopropanol as a stopper. The developed structures were 97 then coated by thermal evaporation with 3 nm Cr (adhesion layer) and 98 15 nm Au (electrode material). The lift-off was done with acetone. 99 The width of the electrodes was for both SEM and TEM investigations 100 2 μm, and the length was at least 20 μm.
101
The electrodes were contacted with a tip-probing station (Karl 102 Suss). The electrical signal was provided by a function generator 103 (Tektronix AFG320, maximum slew rate 3.5 × 10 8 V/s) and observed 104 with an oscilloscope (Tektronix TDS3014) with an input resistance of 105 The TEM image in Figure 6 shows the straight wire in Figure   245 3b at the interface to the gold electrode. The Fourier transform , and therefore the 311 mean anion concentration in the solution is constant. Our 312 calculations showed that in the vicinity of the nanowire tip the 313 fraction of platinum complexes incorporated into the wire is 314 small. Consequently, the ion fluxes at the electrode surfaces are 315 negligible. This represents the boundary condition for eq 2. 316 After applying an ac voltage to the electrodes, an asymptotically 317 periodic state between the platinum consumption at the 318 growing nanowire tip and the transport of new anionic 319 complexes to the tip is established within some transient 320 time. In this asymptotic state, the concentration of platinum 321 complexes is proportional to the total concentration of all f7 322 anions (Figure 7) . 323 In our theoretical analysis, we compared two waveforms of 324 the voltage signal, namely, the sine wave (N = 1) and square-325 wave signals (N → ∞). In particular, we focused on the time 326 when the electric field polarity changes from positive (anion 327 attraction) to negative (anion repulsion and Pt reduction). 328 ), the anion concentration was chosen to be 400 μM. Figure 7) . 372 However, due to the larger distance from the wire surface, 373 platinum deposition on the surface becomes less likely. Instead, 374 agglomeration of platinum complexes to oligomers and 375 nanoclusters takes place in the solution shortly before the 376 nanowire tip. Depending on their charge state, these 377 agglomerates can be attracted to or repelled from the wire tip 378 by the Coulomb force. On the other hand, they can be attracted 379 by the dielectrophoretic force. We assume that finally the 380 mechanism of attraction is strongly dependent on the size of 381 the attracted clusters. 25 The deposition of single platinum 382 atoms and tiny oligomers is expected to lead to crystallo-383 graphically coherent nanowire growth. In contrast, the 384 deposition of larger, randomly oriented nanoclusters at the 385 tip could cause the observed variation in the orientation of 386 nanocrystallites in the nanowires (Figure 3) . Also, wire 387 branching is presumably attributed to the random deposition 388 of nanoclusters on the wire tip, which serve as a seed for the 389 growth of branches (Figure 2 ). An analysis of the fractal 390 dimension of the observed nanowire morphologies showed a 391 decreasing dimension with a greater number of Fourier 392 components in the waveform of the voltage signal (see 393 Supporting Information).
394
For nanowire growth by means of square-wave voltage 395 signals, the deposition of platinum atoms or tiny oligomers 396 presumably prevails compared to the deposition of platinum 397 nanoclusters. This seems to be a prerequisite for the growth of 398 straight and highly textured nanocrystalline or even single-399 crystalline wires exhibiting [111] crystal orientation along the 400 wire axis. In summary, we suggest that a high rate of the electric 401 field change on the electrode surface at polarity reversal is 402 crucial for growing straight nanowires from anionic platinum 403 complexes.
404
A high slew rate of the electric field can also be achieved for a 405 sine-wave voltage with sufficiently high frequency. Then, due to 406 shorter pulse duration, the increase in the concentration of 407 attracted anionic complexes near the wire tip is smaller 408 compared to that at low frequencies. Consequently, fewer 409 complexes are reduced per pulse, and as a tendency, the 410 formation of smaller platinum clusters is expected, which 411 should be favorable for growing single-crystal nanowires. 
CONCLUSIONS
